Many cellular membrane-bound structures exhibit distinct curvature that is driven by the physical properties of their lipid and protein constituents. Here we review how cells manipulate and control this curvature in the context of dynamic events such as vesicle-mediated membrane traffic. Lipids and cargo proteins each contribute energy barriers that must be overcome during vesicle formation. In contrast, protein coats and their associated accessory proteins drive membrane bending using a variety of interdependent physical mechanisms. We survey the energy costs and drivers involved in membrane curvature, and draw a contrast between the stochastic contributions of molecular crowding and the deterministic assembly of protein coats. These basic principles also apply to other cellular examples of membrane bending events, including important disease-related problems such as viral egress.
Cellular membranes, which partition eukaryotic cells into distinct compartments, possess an intrinsic simplicity that belies their complex gymnastics during normal cellular function. The majority of cellular membranes are planar lipid bilayers. These are influenced by intrinsic and extrinsic forces to generate the curved structures that are associated with diverse cellular architectures (Fig. 1) . Curved membranes can be relatively stable structures -such as those surrounding nuclear pores -or can be transient, such as transport vesicles that are continually produced and consumed during membrane and protein traffic. In each case, these structures form from the action of proteins that use distinct mechanisms to exert forces that sculpt the requisite membrane architecture [1] [2] [3] . Considerable insight into the mechanisms of membrane curvature has been gained from minimally reconstituted systems, largely based on shape changes exerted on synthetic liposomes by individual protein components. These systems have established that, in many instances, physical properties associated with a single protein are sufficient to induce curvature. In recent years, experimental systems have focused on two principles: membrane insertion and protein scaffolding. However, more recent theoretical and experimental analyses have suggested that molecular crowding is also an important driver of curvature, in a manner that can either augment the action of protein scaffolds, or oppose it. Finally, scaffold rigidity has also been suggested to be a key factor contributing to membrane bending. Examples of each of these types of curvature drivers can be found at different sites within the cell (Fig. 1) , where different bending requirements are likely to be specified by the lipid and protein composition of the underlying membrane.
The current challenge is to understand how the cooperative energy contributions of multiple active components drive bending of complex membranes composed of diverse lipids and proteins. Cellular membrane bending also occurs in the context of organized tissue or in the face of turgor pressure, factors that introduce additional energy barriers, necessitating additional force. Here we review the multiple physical mechanisms that influence membrane bending and perform an accounting of their relative energy contributions to cellular membrane deformation. We focus primarily on vesicle trafficking pathways, although the same fundamental principles can also help us understand curvature in other cellular contexts. We first consider the physical properties of lipids and cargo, and the barriers they pose to membrane bending. We then discuss the drivers of membrane curvature and the different physical mechanisms that they employ. Together these considerations define an integrated set of parameters that operate during intracellular and plasma membrane bending. The energy cost-benefit analysis that we describe here becomes particularly important in considering membrane curvature under pathological conditions, for example where pathogens induce uptake by cells, or when viruses bud from the plasma membrane, liberating themselves for additional rounds of infection.
The energy costs of bending a membrane Most cellular phospholipids have a cylindrical shape and therefore selfassemble into planar bilayers. According to the simplified two-dimensional description of membrane mechanics by Canham 4 and Helfrich 5 , deforming bilayers into curved shapes encounters two energy barriers: resistance to membrane bending and resistance to membrane stretching.
As discussed below, bending rigidity generally poses the larger barrier to membrane curvature, except in cases where membrane tension is significantly raised by turgor pressure 6 , osmotic shock, or action of the cytoskeleton 7 . Many biological membranes, such as the plasma membranes of red blood cells 8 , are thought to have significant spontaneous curvature, a preferred curvature 5 that typically arises from a difference in lipid composition between the two leaflets of the membrane 9 . Spontaneous curvature is likely to have a significant influence on the curvature of cellular structures, though this contribution remains difficult to quantify, as it arises from highly localized, often transient, differences in membrane composition.
Cargo proteins
An under-appreciated player in the membrane-bending problem is the protein fraction embedded within the bilayer. Far from being inert vesicle passengers, cargo proteins represent major constituents of vesicles 10 that probably contribute a significant energy barrier to membrane bending. As cargo concentration increases and membrane curvature progresses, the surface area available to each protein decreases on the concave lumenal membrane surface. This process increases steric repulsion among cargo molecules that can be expected to oppose membrane curvature (Fig. 2a) . Such effects are amplified when cargo proteins display asymmetry across the bilayer such that lumenal domains are significantly larger than their corresponding cytoplasmic domains. An extreme example of this topology is the family of lipid-anchored proteins, glycosylphosphorylinositol (GPI)-anchored proteins. These abundant and diverse cell surface proteins expose their entire molecular mass on the lumenal surface of transport vesicles 11 . Concentration of these proteins at budding sites may create significant lateral pressure within the membrane that could induce local negative (away from the membrane) curvature (Fig. 2b) .
The idea that unbalanced steric pressure among membrane-bound molecules can drive membranes to bend derives in part from the bilayer couple model of Sheetz and Singer 12 . These authors recognized that tight coupling between the two leaflets of a lipid bilayer engenders curvature, whereby expanding or compressing one side of the membrane would cause the other side to experience the opposite effect (i.e. compression or expansion). The increased abundance of molecules and the increased Figure 1 Cellular sites of membrane curvature. The membranes of eukaryotic cells often display curvature; some are dynamic (for example, transport vesicles, endosomal tubules and viral buds) and others more static (for example, nuclear pores, cilia, endoplasmic reticulum (ER) tubules and mitochondrial cristae). Each of these examples of membrane curvature is created by physical effects that derive from both lipid and protein sources. Self-assembling proteins can scaffold membranes (clathrin, COPI, COPII, nucleoporins, caveolins, reticulons, retromer, ESCRTs and septins). Asymmetric lipid and protein insertion can drive curvature by the bilayer couple model and molecular crowding effects (secretory granule cargoes, reticulons, caveolins, viral matrix proteins and mitochondrial ATP synthase). COPI structure reproduced with permission from ref. 46 rate of collisions within or adjacent to one leaflet of the membrane causes the area of the leaflet to increase relative to the opposite leaflet, leading to membrane curvature away from the source of increased steric pressure (Fig. 2b) . The phenomenon of curvature driven by steric pressure has been demonstrated for synthetic membranes with a high concentration of polymer molecules attached to their outer surfaces 13 . More recently, it has been demonstrated that steric pressure between densely crowded, membranebound proteins can drive dramatic changes in membrane shape, forming narrow membrane tubules, even from stiff, solid-phase membranes 14 .
In the first physiological example of this phenomenon, steric pressure between GPI-anchored proteins and other cargo molecules in the lumen of the endoplasmic reticulum seems to oppose the curvature enforced by the COPII vesicle coat machinery, driving a requirement for increased coat rigidity 15 . Similar costs are likely to apply to bona fide transmembrane cargo proteins, especially those with relatively small cytoplasmic domains such as many surface receptors and Golgi glycosylation enzymes 16 .
Overcoming the barriers to membrane bending Cells have evolved multiple solutions to the problem of overcoming the energy barriers associated with curving membranes (Fig. 1) . Early observations of clathrin-coated vesicles 17 and subsequent characterization of clathrin's self-assembling properties 18 gave rise to the long-standing premise that formation of spherical vesicles is driven by coat protein scaffolds that are capable of imposing their inherent curvature on membrane surfaces (Fig. 1) . In addition to the scaffolding effects of polymeric coat structures, further mechanisms that contribute to membrane bending have now been characterized. These include differential lipid and protein insertion into the bilayer, steric pressure among proteins bound to membrane surfaces, oligomerization of membrane-embedded and membrane-associated proteins, and actin polymerization. We consider each of these mechanisms in turn, starting with the membrane itself and working our way out towards the cytoplasm.
Lipid asymmetry
Although the majority of membrane lipids are cylindrical in shape, lipids with large hydrocarbon tails (or small head groups) can take on a conical shape, and lipids with small tails (or large head groups) can adopt an inverse conical shape. The unequal distribution of such irregularly shaped lipids between the two leaflets of the membrane could impose a distinct curvature on the bilayer. Indeed, asymmetric lipids such as phosphatidylethanolamine and gangliosides 19 and ceramides 20 display curvature preferences. The asymmetric distribution of these lipids has been invoked to explain observations of curvature during autophagosome formation 21 . In the context of vesicle formation, local recruitment of lipases and other lipid-modifying enzymes, including flippases, may contribute to the curvature associated with vesicle formation 22 . Direct measurement of this effect in a cellular context has not been achieved, making the impact of lipid asymmetry difficult to quantify. Nonetheless, flippases are clearly implicated in post-Golgi trafficking events 23 and local release of sphingomyelinase can induce endocytosis 24 , suggesting such mechanisms are physiologically relevant in cells.
Protein asymmetry
Asymmetric membrane insertion of proteins should also be capable of driving membrane bending, according to the bilayer couple model 25 . Indeed, a number of cytosolic proteins that are central to membrane traffic, such as epsin 1, Arf1 and Sar1, insert short amphipathic helices into one leaflet of the membrane when recruited. These proteins can tubulate synthetic liposomes when applied at relatively high concentrations [26] [27] [28] [29] . However, whether it is physiologically possible to create a high enough local density of insertions to generate a significant driving force for membrane bending remains under debate 30, 31 . Specifically, the physical dimensions of the proteins that contain insertable helices set a limit on the number of helices that can be actually be inserted at the membrane surface. As discussed below, even when all membrane-bound proteins insert helices, the membrane area occupied by helices cannot fill the disparity in area between the two leaflets of highly curved membranes. This analysis is based on the prediction 30 that insertions must cover at least 10% of the membrane surface area to drive formation of the smallest vesicles found in cells. This situation is intractable except for cases in which proteins that contain multiple helix insertions cover the entire membrane surface 30 . Therefore, hydrophobic insertion probably makes a relatively small contribution to the energy budget of membrane curvature in most settings. This is consistent with the formation of COPII-coated curved membranes in the absence of helix insertions An alternative effect that may account for the observed tubulation following recruitment of helix-containing proteins is steric pressure between densely crowded membrane-bound molecules. As described above with respect to asymmetric cargo proteins, this effect can itself drive membrane bending when the concentration of molecules is higher on one face of the membrane than the other. In this case, the crowding effect is achieved by local membrane association of coat assembly proteins, creating curvature and contributing to vesicle formation. Indeed, membrane-bound clathrin assembly proteins, including epsin 1 and AP180, have recently been demonstrated to drive bending of model membrane vesicles by creating steric pressure, accounted for by the reduced frequency of protein-protein collisions (i.e. increased entropy) when the membrane bends away from its more densely crowded surface 31 ( Fig. 2d) . Instead of driving bulk curvature, coat initiation by amphipathic-helix-containing proteins might generate initial local curvature and then couple this to coat propagation through recruitment of additional helix-containing (and other) proteins, leading to steric pressure effects of the coat as a whole. Indeed, the amphipathic helix of Sar1 lowers the bending energy of the underlying lipid bilayer 33 , suggesting that it makes the membrane more susceptible to remodelling by downstream coat components 25 . Another function for amphipathic helices is detection rather than induction of curvature. This is almost certainly the case for the ALPS-domain of ARF GAP (GTPase-activating protein), which detects lipid-packing defects in the curved bilayers of COPI vesicles, inserting specifically into membranes that are under curvature stress 34 and thus restricting its GTPase stimulation activity to curved membranes.
An extension of this protein asymmetry and molecular crowding model may also be relevant to cargo-driven vesiculation events. Experiments with membrane-bound polymers revealed that self-avoiding polymers create an expansive pressure that drives the membrane to bend away from them 13, 35 (Fig. 2b) , a finding supported by a simple thermodynamic model 36 . Likewise, self-attracting polymers can be expected to create a compressive pressure that drives the membrane to bend toward them 37 ( Fig. 2c) . Thus, vesiculation of the correct topology (that is towards the cytoplasm) might be induced by lumenally distributed proteins if they have affinity for each other. For example, apical sorting of GPI-anchored proteins relies on their oligomerization 38 , raising the prospect that such sorting employs a cargo-driven budding event (Fig. 2c) . This phenomenon might also explain the biogenesis of secretory granules that have long been thought to employ a concentrationdriven segregation mechanism of egress from the trans-Golgi network (TGN) 39 ( Fig. 1) , although the molecular details of the budding event are not yet fully defined. Viral budding may also employ such a mechanism whereby self-association of matrix proteins -driven in some cases by nucleic acid packaging -would couple with plasma membrane recruitment to drive outward budding of the enveloped virus 40 ( Fig. 1 ). Cargo-driven molecular crowding effects could also be relevant to intracellular trafficking pathways for which cargo adaptors are known but no outer coat scaffold has been described. So far, no known coat proteins mediate transport between the yeast TGN and plasma membrane, although some specialized cargo adaptors (such as exomer) regulate selected transport steps 41 . Whether exomer recruits a more canonical coat scaffold remains to be seen. In a cargo-driven budding model, cargo concentration alone would create local shape changes in the membrane by virtue of molecular crowding (Fig. 2b ). For this model to work, a heterogeneous population of cargo proteins would require an asymmetric distribution in the membrane, with the bulk of their masses facing the cytoplasm. Alternatively, lumenally oriented cargoes would need to undergo significant intermolecular interactions that would in turn reverse the spontaneous curvature of the underlying bilayer 37 (Fig. 2c ). Yet another alternative would invoke the molecular crowding effects of the cargoes plus their cargo adaptors, such that the accumulated mass on the cytoplasmic face of the bilayer creates sufficient lateral pressure to bend the membrane in the desired direction (Fig. 2d) . Such a scenario might be accelerated by curvature-sensing properties of the cargo adaptors such that a positive feedback loop is created: local recruitment and concentration initiates curvature that is in turn sensed by additional adaptors that bring in more cargo molecules, perpetuating the local curvature 25 . Indeed, such positive feedback may participate in the canonical coat systems where curvature may be induced initially by steric pressure among cargo adaptors, detected and propagated by accessory proteins with amphipathic helices and concave membrane-binding surfaces, and further propagated and stabilized by cargo concentration and polymerization of a protein coat or the cargo adaptors themselves.
Self-assembly of membrane-embedded proteins Caveolins and reticulons are membrane-embedded proteins that undergo oligomerization to generate curvature 42, 43 (Fig. 1) . They both have transmembrane domains that form wedge-shaped insertions with capacity to contribute to membrane curvature. Self-assembly of caveolins and reticulons then further drives membrane remodelling to create plasma membrane invaginations and tubulate the endoplasmic reticulum, respectively. By combining a wedge-shaped hydrophobic structure with oligomerization, these proteins can induce significant local curvature without occupying a large amount of the membrane surface. Thus, they are effective curvature generators that are compatible with recruitment of effectors for receptor signalling and other functions 44 .
Self-assembling soluble coat scaffolds Moving outwards from the membrane surface, membrane-binding adaptor proteins frequently recruit coat scaffolds to the membrane surface. Perhaps the best-characterized examples of protein assembly driving membrane curvature are two of the canonical coats, clathrin and COPII. Both coats contain elements that polymerize into polyhedral structures independent of membranes 45 . As noted, the favourable energetics of clathrin or COPII assembly alone can induce vesicle formation without membrane-inserted motifs 32, 27 . However, the structure formed by the COPII outer coat scaffold does not employ the significant intertwining that occurs during clathrin triskelion assembly, relying instead on less extensive interactions among coat protomers. Thus, the energy derived from assembly of COPII interfaces is likely to be less than that derived from clathrin assembly.
In the case of the COPI coat, self-assembly into a cage-like structure has not been observed, and electron microscopy of liposome-derived COPI vesicles reveals both gaps in coat packing and alternative packing interactions on vesicles of different size 46 , suggesting a more labile scaffold. Adaptor recruitment alone could also contribute to membrane bending (Fig. 2d) , especially if additional organization promotes steric pressure. The plastic COPI coat could contribute to membrane bending through this mechanism, as well as by forming a rigid scaffold.
Sorting events mediated by the AP3 adaptor complex, which can occur without clathrin, may rely on Vps41 as a self-assembling element 47 , but whether this assembly provides a bona fide scaffold or promotes adaptor aggregation remains to be established. In the case of the two COP coats, membrane recruitment is mediated by small GTPases with amphipathic helices. As discussed above, it is not completely clear whether these contribute to bending by inserting in the cytoplasmic leaflet 27, 48 
Although no experimentally determined numbers exist for the free energy generated by clathrin or COP scaffold assembly at membranes, it is clear that the individual interactions of scaffold components are of sufficiently low affinity to be reversible 51 . Experimental evidence that clathrin assembly can directly vesiculate membranes 32 is consistent with higher estimates of clathrin-clathrin interactions 7, 52 rather than lower estimates 53 . Further, cellular clathrin depolymerization (uncoating) clearly requires ATP hydrolysis by heat-shock protein 70 (HSP70) stimulated by the DNAJ homologue auxilin (known in yeast as Swa2), in a process that requires direct interaction with the coat protein 49 . COPI and COPII coat disassembly, on the other hand, is modulated by their anchoring small GTPases, and they apparently disassemble spontaneously following GTP hydrolysis 34, 54 . One remaining question is whether the energy invested in vesicle formation is sufficient to force curvature of membranes such that the closed vesicle released from the donor membrane remains under curvature stress. We speculate that such accumulated tension might 'prime' a vesicle for fusion such that the stored energy will promote membrane fusion events when the vesicle docks with the target membrane. In this model, the energy invested in forming a highly curved vesicle could help to pay the energy cost of membrane fusion, providing a role for curvature drivers in both vesicle biogenesis and consumption.
A final important physical parameter associated with coat scaffolds is the need for rigidity, which presumably translates into stronger bending forces and is seemingly required to enforce curvature on certain cargocontaining membranes. For example, structural modelling suggests that the outer COPII coat protein, Sec13, acts to rigidify the coat to enforce curvature on wild-type membranes. In yeast, Sec13 becomes dispensable when traffic of GPI-anchored cargoes is diminished, linking coat rigidity to a specific cargo burden 15 . In support of this model, knockdown of mammalian SEC13 has minimal impact on bulk protein secretion but impedes endoplasmic reticulum export of collagen 55 , which might contribute a significant barrier to curvature because of its polymeric state 56 . Similarly, the clathrin light chain subunit, which confers rigidity on the proximal leg of the triskelion, is dispensable for receptor-mediated endocytosis of transferrin and the epidermal growth factor receptor 57 . However, some G-protein-coupled receptors (GPCRs) require the presence of clathrin light chains for their uptake 58 . Although this was suggested to be an effect on clathrin uncoating, it might also reflect a need for greater rigidity of coats that must internalize GPCRs plus their associated arrestin and signalling subunit baggage.
Actin polymerization
Beyond membrane cargo and membrane-associated adaptors and coats, the actin cytoskeleton frequently plays an indispensable role in membrane curvature. In some cellular circumstances, membrane deformation by the mechanisms described is not sufficient to induce vesicle budding. In these cases, actin polymerization is coordinated with membrane-bending proteins to generate the force required for budding. Actin can play three roles in budding; one role is to help the vesicle pinching process by polymerization at the neck of a budding vesicle, pushing the vesicle away from the membrane and/or providing constricting force. For clathrin-coated vesicles forming in yeast, actin is constitutively needed at the neck of a budding coated vesicle to overcome turgor pressure on the membrane 6 . Indeed, the effect of turgor, combined with the small size of yeast endocytic vesicles, may form such a strong barrier to curvature that membrane bending isn't detected until actin polymerization occurs 59 . Similarly, in mammalian cell membranes under tension, either induced by the presence of microvilli on apical membranes or by artificially generated tension, actin polymerization is required for budding 7 . These clathrin-associated actin pathways involve the connection between the clathrin light chain subunits and HIP (huntingtin interacting protein) family proteins 49 . Interestingly, electron microscopy analysis of mammalian cells 60 shows actin at the neck of most endocytic clathrin-coated vesicles, indicating that most plasma membrane budding uses actin. In this particular feature, mammalian endocytic clathrin-coated vesicles resemble yeast endocytic clathrincoated vesicles 61 , though the former has variable requirements for actin, whereas the latter has absolute requirements. Despite these findings on the important role of actin in membrane bending and endocytosis, it has also been shown that depolymerization of the actin cytoskeleton does not significantly inhibit clathrin-mediated endocytosis in multiple mammalian cell types 62 . However, these latter experiments involved cells in culture, so actin could be more critical for endocytosis in the context of mammalian tissue.
Another mechanism by which actin contributes to endocytosis relies on its ability to extend membrane protrusions by polymerization and induce localized phagocytosis. When clathrin coats are flat and cargo is too large to be surrounded by a scaffold, actin operates to cause endocytosis. This is observed during uptake of clathrin plaques 63 , uptake of bacteria where clathrin serves as an actin-assembly nucleator 64 , and with viral particles that are too large to fit in conventional clathrin-coated pits 65 . Uptake of virus by endocytosis in caveolae works by a similar principal and requires actin 66 . A third role for actin, which is less established, may be to contribute to vesicle biogenesis from membrane tubules 67 . Yeast TGN-derived vesicles travel on actin cables to polarized sites of growth and thus may also employ actin in their biogenesis. Directed endosomal recycling in mammalian cells also involves actin-organizing proteins, particularly during cell migration, which could play a role in generating recycling vesicles 68 . Once these drivers have acted to generate nascent vesicle buds, additional membrane remodelling occurs during vesicle release. Pinching at the neck of a vesicle is a special case of extreme membrane bending to promote fusion, and involves complex curvature that seems to require specialized protein machines 69 . In metazoan cells, force for this process is exerted by self-assembly of dynamin into collars, which can also recruit actin 70 . Additional influence can come from BAR-domain-containing proteins that oligomerize to scaffold membrane curvature. In the case of dynamins 71 and BAR-domain proteins 72 , membrane insertion events might make an important contribution by virtue of the high surface density of these oligomeric proteins.
Compiling the forces that drive and oppose membrane curvature The various mechanisms by which lipids, membrane-bound proteins, selfassembling scaffolds and actin contribute to membrane bending during vesicle formation are the subject of ongoing discussion. In the cell, these mechanisms are deployed in a complementary and cooperative fashion. Here we provide an accounting of the energetics involved in membrane bending, using the assembly of clathrin-coated vesicles as a model. Our estimates are based on previously published calculations of the contributions of the components we have described (see Box 1) . In doing so, we aim to approximate the relative contribution of each component to vesicle formation and to investigate whether our current understanding of the physical forces underlying membrane bending is sufficient to explain vesicle formation. This approach does not incorporate the entire spectrum of physical effects, especially those driven by accessory proteins and lipid asymmetry, largely because these effects have not yet been precisely quantified. Further, since the number of independently published quantitative estimates of the individual bending effects is still quite small, we expect these estimates to be revised repeatedly over the next few years. In particular, the contribution of actin to vesicle formation is based on a single, very recent estimate 7 . Nonetheless, we consider that this quantitative approach provides a valuable illustration of the problem of the cost-driver balance of forming highly curved vesicles from cellular membranes.
Returning first to the Canham and Helfrich models of membrane bending 4, 5 , we can calculate the energy cost of bending a piece of initially flat membrane into a spherical vesicle by understanding the bending rigidity. This force, expressed in units of energy, ranges from 10 k B T for highly fluid membranes composed entirely of lipids with unsaturated tails 73 to approximately 50 k B T for fluid membranes containing 50% cholesterol 74 , similar in composition to the plasma membrane of mammalian cells 75 (where k B is Boltzmann's constant and T is temperature) (Fig. 3a and Box 1). The energy barrier to membrane stretching is the product of membrane tension and membrane surface area. Membrane tension arises from thermal fluctuations within the membrane 74 , osmotic imbalances across the membrane and application of forces to the membrane by the cytoskeleton in cellular structures such as villi 7 , and by a cell wall. Physiological values of membrane tension are in the range of 0.2-1×10 -3 k B T nm −2 (ref. 76 ). For a typical vesicle of 100 nm diameter, the energy cost per membrane area of overcoming membrane tension is therefore 10-100 times smaller than the energy cost per membrane area of membrane bending (8-40×10 -3 k B T nm −2 ), such that membrane bending is usually cited as the most significant lipid-associated barrier to deforming membranes.
The energy costs of cargo crowding are more difficult to model, as they are dependent on the specific protein composition of the underlying membrane, with asymmetrically distributed and lumenally oriented proteins having a larger effect than those that are symmetrically proportioned. However, a recently published model has estimated the energy costs of the entropic effects of membrane-attached proteins as a function of the size and density of proteins bound to membrane surfaces 31 . Applying these results to two hypothetical vesicle budding scenarios that contain either asymmetrically or symmetrically distributed cargo proteins (Fig. 3b) All energy costs and drivers were estimated in terms of energy per membrane area (units of k B T nm −2 ) as a function of coated vesicle diameter ranging from 25-100 nm.
Energetic costs of forming coated vesicles Membrane bending. Using the classic Canham, Helfrich, and Evans theory 4,5 , the energy cost per membrane area of creating a curved sphere was estimated as G bending = (8πκ)/(4πr 2 ), where κ is the bending rigidity of the membrane and r is the vesicle radius. Calculations were performed for soft fluid membranes for which κ~10 k B T and for membranes containing 50% cholesterol (typical value for mammalian plasma membrane), for which κ~50 k B T (ref. 74 ).
Membrane tension. The finite tension of biological membranes opposes changes in shape. The membrane tension, which has units of energy per area, is approximately the energy required per membrane area to form a spherical vesicle from an initially flat membrane surface. A typical value of 0.02 k B T nm −2 was estimated based on micropipette aspiration measurements of membrane tension before significant straining 74 .
Cargo crowding. When an initially flat region of the membrane becomes curved, the lumenal domains of cargo molecules have less space to diffuse on the membrane surface, owing to the concave curvature of the vesicle inner surface. The reduced entropy of cargo molecules leads to an increased pressure on the membrane surface that can be expressed as an energy cost per membrane area. Conversely, cargo molecules that have a domain on the coat side of the membrane will experience a reduction in steric congestion as the membrane bends, an energy contribution that encourages membrane curvature. The difference between these terms is the approximate energy cost of cargo crowding. The net energy cost per membrane area of crowding was calculated by assuming a cargo molecule with either a single lumenal domain of 5 nm diameter (asymmetric case), or independently diffusing domains of 5 nm diameter on both sides of the membrane (symmetric case), where lumenal domains cover 50% of the initially flat membrane surface area 16 . Surface pressures on both membrane surfaces were estimated using a nonlinear equation of state for hard discs in two dimensions as proposed by Carnahan and Starling 87, 88 , used recently to estimate the surface pressure owing to protein crowding on membrane surfaces 31, 89 .
Energetic drivers for forming coated vesicles Hydrophobic insertion. Clathrin assembly proteins, such as epsin 1, insert amphipathic helices when they bind to the membrane surface 
Accessory protein crowding.
When an initially flat portion of the membrane surfaces curves to form a clathrin-coated vesicle, accessory proteins beneath the clathrin lattice are able to explore a larger region of the membrane surface, owing to the positive curvature of the outer vesicle surface. This increased entropy decreases the membrane surface pressure, which can be described as a reduction in free energy per membrane area. Assuming that 75% of the membrane surface is occupied by accessory proteins 90 and that an average accessory protein has a diameter of 5-10 nm, the energy contribution of accessory protein crowding was estimated using the same approach used to estimate the cost of cargo crowding. Actin polymerization. A dense collar of actin filaments surrounds clathrin-coated vesicles, contributing to vesicle formation 60 . Recent studies have suggested that polymerization of these filaments helps clathrin-coated vesicles to form 7, 59 . The energy contribution of actin polymerization to vesicle budding must vary with the density and geometric arrangement of filaments, parameters that are still being defined and are likely to differ from one physiological situation to another. Here we include an energy contribution of 0.13 k B T nm −2 , based on the recent report that osmotic swelling of mammalian cells creates a requirement for actin to efficiently complete clathrin-mediated endocytosis 7 . In this report, the work, W, required to form a vesicle against membrane tension, σ, was estimated as W =πr BOX 1 Calculations and assumptions of approximate energy analysis for formation of coated vesicles in Fig. 3 suggests that both orientations contribute a significant barrier, especially as the diameter of the vesicle decreases. It is initially surprising that symmetric cargo proteins oppose curvature nearly as strongly as highly asymmetric ones. This behaviour is a consequence of the highly nonlinear increase in steric pressure with protein density. Owing to this nonlinearity, crowding effects are much stronger on the inner leaflet of a small vesicle than on the outer leaflet. Therefore, crowding on the outer leaflet by symmetric cargos only slightly reduces the barrier to membrane bending.
Turning to the drivers of curvature and compiling recent estimates from the literature (Fig. 3c) , we find that the effect of hydrophobic insertions is relatively small, even where one insertion was included for each adaptor protein with a generous stoichiometry of three adaptor proteins per clathrin triskelia (see Box 1 for detailed analysis). Since insertions contribute to membrane bending on a per area basis, their energy contribution per membrane area remains constant across vesicles of different sizes. Crowding effects of the cargo-bound adaptor complexes contribute significantly, with a larger impact as vesicle diameter decreases. Clathrin and actin polymerization are both significant contributors that make a fixed contribution per membrane area. These estimates represent data from diverse experiments that are likely to be refined and revised by future work. Therefore, their interpretation at this stage must remain largely qualitative. Nonetheless, from combining these findings, it seems that the energy costs (bending rigidity and tension 4, 5, 73, 74 , and cargo crowding 15, 31 ) of producing vesicles of moderate size (~50 nm diameter) is offset by the energy drivers when all drivers are present (coat polymerization 52 , accessory protein crowding 31 , amphipathic insertion 26, 30 and cytoskeletal forces 60, 77 ), whereas producing smaller vesicles and vesicle production in the absence of one or more drivers cannot be fully accounted for (Fig. 3d) . Synaptic vesicles represent an extreme example of a highly curved vesicle, measuring just 40 nm in diameter. Formation of these vesicles is independent of actin 78 and thus would seem to be energetically unfavourable in our analysis (Fig. 3d) . However, detailed structural and proteomic analysis of synaptic vesicles reveals that a large number of the embedded protein cargoes are cytoplasmically oriented and thus may contribute positively to membrane bending rather than acting as a barrier. In this example, the energy cost of membrane bending would be overestimated and cargo itself could be considered as a driver. Indeed, the detailed molecular map of synaptic vesicles 10 serves as a benchmark that characterization of other vesicle systems might aspire to in order to fully appreciate the underlying costs and drivers of an individual budding event. Our analysis demonstrates that different properties of cellular membranes engender distinct requirements in terms of the energetics of coat scaffold assembly, the role of actin and the need for additional accessory factors such as BAR-domain proteins and dynamin that can provide additional curvature and/or force.
Ultimately, cellular membrane curvature involves the coordination of multiple complementary and cooperative mechanisms. Such coordination has been elegantly demonstrated for clathrin-coated pit formation by single-molecule imaging. Cooperative interactions between cargo-bound adaptors recruited scaffold-forming coat molecules that in turn attracted other membrane benders 79 . Intracellular pathogens provide further examples of diverse solutions to the membrane bending problem. The outer coat of trypanosomes is formed by GPI-anchored proteins that might create bending challenges through leaflet asymmetry and cargo crowding. Notably, these organisms alter the packing of their surface proteins by glycosylation that could reduce crowding or rigidity 80 . In another pathogenic example, clathrin is implicated in organizing retroviral glycoproteins during viral budding, which might induce crowding that enforces external budding 81 . This may be comparable to the crowding effects of Herpes virus capsid proteins, which may have a positive influence on budding 82 .
In conclusion, the simple principles of membrane bending that we have discussed here can be orchestrated in a variety of combinations to mediate membrane budding in biological membranes both for normal cellular function and during pathogenesis.
